Model results compared with summer observations" by J. Pätsch et al., submitted for possible publication to Biogeosciences. The paper by Pätsch and coworkers deals with an important topic, namely on how coastal systems respond to increased nutrients input. Hitherto the focus of this discussion has largely been on the interaction between primary production, aerobic respiration and oxygen conditions with respect to changes of the overall CO2 pool. In recent times this focus has been broadened to further consider anaerobic metabolic pathways for the respiration of organic matter, which in turn affect both the overall CO2 and and also alkalinity pools. The paper by Pätsch et al. analyses this issue for the shallow waters of the North Sea and provides compelling evidence for the dependency of metabolic alkalinity generation on nutrient runoff/input. Overall I think the paper is publishable, as it constitutes a major step forward in this field. I do have some remarks for consideration to improve the paper. We specified the products.
effect on the pCO2 there? I am not sure whether this plays a role, but it might be more likely to occur than the vertical impact mentioned under B. (See Burt et al., 2016 L&O)
We understand that our approach has several shortcomings. One of them is the arbitrariness of choosing the 15 th of September. Therefore we recalculated the pCO2 as September mean. Another shortcoming is the fact that for some places the alkalinity effluxes have no impact on local pCO2, neither for September nor for any other time. To overcome this we analyzed the temporal cumulated air-sea flux of CO2 from the beginning of the year until mid of September which at least weakens the argument related to flushing times. The attached figure shows horizontal distributions of the cumulated fluxes for both model runs. The patter resembles the ΔpCO2 distributions in September (Fig. 9 ). Northern areas with greater water depths show hardly any change. Small differences can be seen in the southern open sea areas and high differences occur near the continental coast where also the differences due to altered primary production were found. We added corresponding text in section 4.2.
Reference run Cumulative ASF until mid of September (mmol m Thank you for the constructive review of our manuscript. We answered your questions and followed your advices whenever possible. In the following lines we copied your text as bold and gave our remarks in detail.
GENERIC COMMENT the paper presents an interesting implementation of a vertically structured benthic model to estimate the alkalinity fluxes from the Southern North Sea sediments. This is a challenging topic that needs to be addressed and authors are commended for this. The methods are generally sound, with some clarification needed and some suggestions for improvements provided. The results are presented clearly, the discussion could benefit of some more in-depth analysis, particularly on the role of pelagic primary productivity and on the relevance of the alkalinity fluxes for the entire ecosystems.
Thank you for the hints regarding primary production and the role of alkalinity fluxes. During revising the text and answering your specific comments primary production was highlighted. One example is the positive feedback of pelagic production when enhanced nitrogen effluxes occur. In our model the direct effect of alkalinity effluxes on the whole ecosystem is restricted to the pelagic carbonate system and the air-sea flux of CO2. The indirect effect of connected effluxes of nutrients and oxygen is discussed now in a more comprehensive manner.
SPECIFIC COMMENTS: section 2.2.5 and table 1: why I appreciate that turnover rate for deep ocean would not be suitable for shelf seas, authors did not specify how they define the new values, if via calibration (against which observations?) or with literature (which references?).
As for the North Sea the annual budget of carbon export into the sediment and the efflux of DIC is nearly in balance, the changes of the reaction rates aimed at this target. In a first step we replaced the spatial uniform porosity used in the open ocean sediment module (0.85 first layer) to observation-based values for the southern North Sea (between 0.3 -0.51). Additionally, the constant diffusion rate was replaced by a porosity, temperature and substrate dependent formulation. These changes made it necessary to adjust the turnover rates. As shelf areas are hardly resolved in the coarse resolution of the global model seasonality of organic matter fluxes and DIC effluxes were no tuning criteria. We changed the text in section 2.3.5 accordingly.
Lines 144-146: authors assumed that in advective sediments the coefficient for diffusion is increased tenfold. They state that this has been determined by several sensitivity analysis, but they did not state what were the criteria of the sensitivity analysis (stability? calibration? Something else?) more details are needed
As said before the target was to achieve a more or less equal annual DIC efflux and POC influx. Furthermore, the seasonality of the DIC efflux should resemble the known temporal evolution. An upper constraint for the diffusion coefficients was the penetration depth of significant oxygen concentrations. Below 1 cm depth almost no oxygen should be detected. We changed the text accordingly.
lines 175-178: authors claims that a reduction of 10% of riverine input of nitrogen corresponds to a "pristine" scenario without anthropogenic influence. Authors cite a paper to corroborate this assumption. However it seems to me that 10% is a bit of an underestimation for such and industrialised area.
This is a misunderstanding. We reduced the riverine input to 10 % of the anthropogenic value.
Line 179-183: do the rates in the "plate run" scenario are comparable with those of table 1? I appreciate that the equation will be different and therefore the value of the parameter, but reporting these for a comparison would help in understanding how much of the difference is due to model structure and how much to simple parameter values
The carbon degradation rate of the plate run is defined as a time constant (2.8E-2/d), whereas the aerobic rate of the reference run is an oxygen dependent rate (r1 =2 E-10 m3/(mmol [O2] s). For an off-shore station (54.4 °N, 7.4 °E) with a typical oxygen concentration of 100 mmol/m3 r1 results in a comparable rate ( 1.7 E-3 /d). In contrast to the plate run where nearly all POC is dissolved over one year POC concentrations in the upper most sediment level of about 0.35 E6 mmol C/m3 in winter and 0.48 E6 mmol C/m3 in summer are found in the reference run. This results in a winter flux of 1.2 mmol C/(d m2) and a summer flux of 1.6 mmol C/(d m2). The corresponding fluxes of the plate run were 0.36 mmol C/(d m2) in winter and 2.3 mmol C/(d m2) in summer. We added some text in section 4.4 accordingly.
line 220 and following. I'm not sure that providing a point-to-point comparison on a single day is the more effective way to assess the model. Small shift in phenology (not rare in coupled biogeochemical models) could result in a significant error that could not be related to the benthic model rather to error in the physics or in the forcing. I would suggest to compare the observations with a longer temporal means (monthly?) and to discuss the uncertainty. Also, while visual comparison can be appealing, they are not much informative: I suggest to provide also measures of the actual fit. For example, in relative error term, I'm not sure figure 6 shows a much better fit.
We switched from the analysis of 15 September to September means. But this did not change much because especially in September no big changes were expected (compare Fig 11b) . We added an error analysis (definition in section 2.6).
Section 4.2: authors seem to suggest that the strong undersaturation of pCO2 in the German bight is driven by the strong alkalinity fluxes from benthos. I'm not entirely sure that the simple colocation of the two is enough to establish a causal link. For instance what's the role of pelagic primary production (PP)? A high PP could explain both the strong undersaturation (DIC is fixed into plankton) and the alkalinity fluxes (due to strong POM settling and associated processes in the benthic environment). Have the author tested to turn off the benthic fluxes of TA and check the consequences in the delta pCO2 signal?
This was a very helpful hint: in a further sensitivity run we switched off the benthic TA fluxes in the reference run. Consequently the pCO2 values increased. But the coastal low pCO2 did not fully vanish. We concluded that both the primary production and the benthic TA effluxes were responsible for the near-coast low pCO2 values. We added some text accordingly. To understand this contra-intuitive dynamics we compared the model results of the high porosity run (HP with 0.51) with the low porosity run (LP with 0.3) in the first and second spinup year. At the beginning of the first spinup year all conditions are the same. Until spring the flux of oxygen into the sediment was lower in HP because there the effective diffusivity was lower than in LP. The lower oxygen content in HP stimulated the benthic anaerobic processes. At the end of the first year this resulted into a higher efflux of NH4 from the sediment in the HP scenario. The higher NH4 efflux of the HP scenario was not compensated by the higher NO3 flux into the sediment. At the end of the year more DIN was in the pelagic water column in the HP scenario than in the LP scenario. In the second year this surplus of DIN stimulated higher primary production for the HP scenario. The corresponding enhanced particle export additionally increased the benthic-pelagic fluxes. The loss of N2 due to enhanced denitrification was compensated by the larger NH4 efflux. These deviating dynamics are even stronger at stations with lower pelagic DIN concentrations. We added some text accordingly.
Section 4.4: this section is important to understand the need for detailed model. However authors simply state the difference between the two models, without trying to tease out the reason behind that, particularly in regard to the difference in the seasonal signal
There are several reasons for the deviating seasonal cycle of DIC efflux. In general the less pronounced cycle comes about
• the structure of the 3d-sediment model which leads to a combination of multiple time scales acting on the reaction rates due to diffusive processes between the layers,
• the fact that the remineralization fluxes do not produce immediately effluxes. In case of the 3d-sediment model the dissolved compounds have to be transferred via diffusion into the pelagic system,
• the reservoir effect in the 3d-sediment model: Whereas the 2d-plate model more or less all POC is degraded after winter, in the 3d-sediment model a relative high POC concentration remains.
We added text accordingly. 
58
The pelagic biogeochemical model includes 4 nutrients (nitrate, ammonium, phosphate, silicate),
59
two phytoplankton groups (diatoms and flagellates), two zooplankton groups (micro-and meso-60 zooplankton), bacteria, two fractions of detritus (fast and slowly sinking), labile dissolved organic 61 matter, semi-labile organic carbon, oxygen, calcite, dissolved inorganic carbon, and total alkalinity.
62
Only for phytoplankton growth and exudation a Q 10 value of 1.5 is defined. All other processes 63 are temperature independent. Calcite formation is performed by flagellates, only. The molar ratio 64 of soft tissue production to calcite production is 10:1. Opal is built by diatoms only and the ratio 65 of carbon to opal production is 1.74:1. The model differentiates between normal exudation by 66 phytoplankton, the result of which is labile dissolved organic matter with Redfield composition 67 corresponding to the Redfield production, and an excess exudation of semi-labile organic carbon.
68
The pelagic module is described in detail in Lorkowski et al. (2012) . For this study we included • F06 -uptake of ammonium
77
• F07 -atmospheric deposition of ammonium
78
• F08 -atmospheric deposition of nitrate
79
• F09 -uptake of phosphate
80
• F10 -release of phosphate
81
These fluxes determine the change of alkalinity:
Together with the dynamic sediment module which exchanges TA and DIC with the pelagic system 85 it was possible to simulate the full carbonate system prognostically. The effectivity of several sediment reactions depends on the porosity, i.e., the portion of pore We used the median grain size (D50) to calculate the porosity (pers. comm. W. Puls):
were d is the grain diameter in mm.
125
The resulting porosity values P surf fall in the range [0. 
For k 0 = 2.12 and P surf = 0.3 the deepest layer at z k=12 = −0.144 m obtains a value of P (z k=12 ) = 
Turnover Rates

131
The reaction equations and the chosen stoichiometries are described in detail in the Appendix.
132
These equations use turnover rates which were modified in comparison to the original open ocean 133 sediment model (see Table 1 ). One typical feature for the North Sea is that particulate organic 
The The vertical diffusion coefficient for DIC compares well with the corresponding coefficient given 159 by Burdige and Komada (2013) (their Table 3 ) for T = 5 0 C and P = 0.36. 
External Data
162
The meteorological forcing (Kalnay et al., 1996) and the river loads of carbon, alkalinity, nutrients 
194
• In the reference run horizontally varying porosities were used (P min = 0.3, P max = 0.51).
195
To study the influence of this feature we conducted two additional model runs with basin To compare simulated results with observations a normalised error estimate was conducted. We 200 used the following formula: 
244
When ignoring the sedimentary calcite dissolution in both the simulation and the observed data,
245
the remaining alkalinity generation compares better with the observations (Fig. 6) . The rms Bight is overestimated and thus local remineralization underestimated. can explain a similar trend in denitrification.
299
Strong nitrate discharge events are followed some months later by local maxima in denitrification.
300
An anylysis of the correlation of these two time series showed highest and significant coefficients 
Alkalinity Generation and pCO 2 306
As already demonstrated in the thought experiment in the introduction the alkalinity release from 307 the sediment has a significant impact on the carbonate system and thus on the ∆pCO 2 regulating 308 the exchange of CO 2 between the atmosphere and the sea.
309
Using the simulated timeseries 2000 -2014 (reference run) we analysed the cumulative alkalinity 310 efflux out of the sediment from the beginning of the year 2011 to mid September 2011 (Fig. 9a) .
311
Near the Danish coast we found a flux of about 1000 mmol m −2 for this period. For the inner
312
German Bight even higher values can be found. These maxima result in corresponding areas of 313 strong undersaturation in respect of ∆pCO 2 for DELETED: 15 September (Fig. 9b) . The interior 314 and the northwestern part are slightly oversaturated. Near coastal areas of strong undersaturation 315 are also affected by high primary production, which in addition to the alkalinity efflux from the 316 sediment lowers the ∆pCO 2 . This could be shown in an additional experiment where these effluxes 317 were artificially switched off. where also the differences due to altered primary production exist. 
Sensitivity on different porosities
332
To investigate the effect of spatially varying porosities we conducted two additional simulations 333 which were spun up separately : One with a basin wide uniform porosity with the minimum value 334 of the reference run except for rocks (P min = 0.3) and one with the maximum value (P max = 0.51).
335
For the different annual fluxes between the sediment and the pelagic at 54
deviations (%) of these two runs are analysed for 2011 (Fig. 10) .
337
Switching over from the P min to the P max run the diffusive flux of DIC, alkalinity and phosphate i.e., the alkalinity flux due to the aerobic degradation (+7 %), the calcite dissolution (+3.4 %), the 343 denitrification (+1.5 %), the sulfate reduction (-7.8 %) and the (negative) nitrification (-0.5 %).
344
Sulfate reduction decreases as the amount of POC reaching the deeper sediment layers decreases 345 due to the enhanced aerobic remineralisation. in the high porosity run because there the effective diffusivity was lower than in low porosity run.
355
The lower oxygen content in the high porosity run stimulated the benthic anaerobic processes.
356
At the end of the first year this resulted into a higher efflux of ammonium (+5.8 %) from the 357 sediment in the high porosity scenario. The higher ammonium efflux of the high porosity scenario 
371
The temporal development of carbon exchange between sediment and pelagic in 2011 at 54
8 o E is shown in Fig. 11a for the "plate run". The time in the year when half of the exported 373 particulate material is returned as DIC ("half time") is indicated by the black arrow on the x-axis.
374
For the "plate run" this is day 230. In the case of the ammonium profile (Fig. 7d ) the "pristine conditions" simulation matches the The comparison of the reference run and the "pristine conditions" run exhibits a deeper penetration 416 of oxygen into the sediment for the pristine more nutrient depleted scenario (Fig. 7a) . This is in Sea it reveals this process as the largest net contribution to alkalinity generation in this area. 
